Water deficits are major limiters of crop yield worldwide. The detection of water deficits can be difficult. Measurements of the aerial and soil environment are often used to infer the water status and detect water deficits. Since crop yield accumulates incrementally and cumulatively over seasonal time scales, continuous direct monitoring of the water status of the crop may provide needed insight into plant/environment interactions. Canopy temperature can be measured near continuously on seasonal scales in the field. Cotton was grown under 11 irrigation regimes in 2009 and 2010 with water deficits from 26% to 86% of crop evapotranspiration. Yield varied accordingly from ~500 kg•ha −1 to ~2600 kg•ha −1 . Canopy temperature was measured on a 15-minute interval for ~65 days in each year. Yield was described by a linear function of total water (irrigation + rain) for each year with similar slopes and different intercepts. When canopy temperature was used as a surrogate for total water, yield was linearly related to daytime leaf-to-air VPD, mean seasonal canopy temperature, mean seasonal daytime canopy temperature, and cumulative seasonal daytime canopy temperature. Limiting the analysis to daytime periods improved the ability to account for yield variation. Mean daytime seasonal canopy temperature and cumulative seasonal daytime temperature were most effective in accounting for yield variation across the seasons with a single regression line for both years.
Introduction
Projected world population growth, a declining base of agricultural land and diminished water resources are creating a need for germplasm and management practices that are more sustainable in terms of the the conversion of water into yield. In the past, agricultural water management has focused on the timely application of water to prevent water deficits. In the future, water deficits will become more common and the focus will change to the identification, quantification and management of water deficits.
Water deficits in crops vary over diurnal and seasonal timescales within continuously variable environments. Water deficits typically arise and are alleviated in a cyclic manner over days and weeks within a growing season with crops experiencing water deficits of varying intensity and duration at virtually all developmental stages. New tools to improve monitoring of the magnitude and intensity of water deficits on seasonal timeframes in the field might improve stress management options.
Variation in environmental conditions, rain, and irrigation over seasonal time scales makes it difficult to define water deficits and their effects on crop performance in the field. Sap flow gauges and leaf turgor sensors are capable of directly measuring crop water use [1] - [3] , though the utility of such measuring devices is often limited by their cost and complexity.
In the absence of direct measurement of crop water use, it is often inferred from measurements of the environment, irrigation, rain and soil moisture [4] . A water balance approach for estimating crop water use requires a means of determining the amount of water that enters the soil and the fraction of that amount that passes through the plant as transpiration over time. Direct measurement of soil moisture using soil probes or soil samples is relatively straightforward by a variety of means though the spatial and temporal resloution is often limiting [5] - [7] . Thus, even when the amount of water in the soil is well characterized, the question of how much is actually available to the crop at any moment in time remains.
Two research topics are relevant at this point; 1) detailed descriptions of plant performance in the field under production relevant conditions (seasonal phenotypes) and 2) an ability to compare the physiological responses of plants to management and environmental variation under field conditions.
The canopy temperature of plants has been used in the detection plant water deficits for decades [8] - [11] . The development of a simplified infrared thermometry (IRT) system [12] [13] provides a tool for monitoring canopy temperature on a near-continuous time scale over the course of a growing season.
The goal of this study was to investigate the utility of near-continous seasonal monitoring of canopy temperature as a tool for detecting differences in crop water use. Continuous canopy temperature, crop evapotranspiration, and other environmental parameters were measured or calculated along with yield for cotton grown over a range of irrigation treatments for two consecutive seasons. The relationships among yield, water applied, water use, and canopy temperature were determined and are presented here with a discussion regarding the value of continuous monitoring of canopy temperature. . DP147RF is a Roundup Ready Flex variety with good fiber quality and yield potential. The plots were harvested on DOY 294 in 2009 and on DOY 301 in 2010. The center two rows of each plot were harvested using a modified John Deere 7455 stripper equipped with load cells. The cotton from the two rows was weighed and then a grab sample for ginning and fiber quality analysis was taken. Ginning was completed on a twenty-saw gin stand, after being processed by a lint cleaner. Yield plots were not replicated and a single value is reported for each treatment.
Materials and Methods

Location and Cultural Practices
Irrigation
Thirteen target irrigation treatments, that ranged from 0 to 6 mm in 0.5 mm increments, were applied through SDI in both the 2009 and 2010. The treatment targets ranged from 0 to 6 mm in 0.5 mm increments and were designed to cover a range from rainfed to full irrigation for the location. Irrigation was applied on a daily basis, for 76 days (DOY 188 to DOY 264) in 2009 and for 41 days (DOY 215 to DOY 256) in 2010. Thirteen zones were randomly assigned for each year. The irrigation treatments were not replicated.
Temperature and Relative Humidity
Canopy temperature in each irrigation treatment was monitored with a single infrared thermometer (Smartcrop TM Smartfiled Inc., Lubbock, TX, USA) that was placed approximately 20 cm above the canopy at an angle of approximately 60˚ from vertical. The infrared thermometer (IRT) had a 1:1 view ratio which allowed approximately 20 cm of plant canopy to be monitored. The height of the IRTs above the canopy was adjusted to maintain the 20 cm canopy diameter as the crop grew. Each IRT measured the plant canopy at a one-minute interval with an average of these readings calculated every fifteen minutes. The calculated 15-minute averages were relayed to a base station. This resulted in 96 data points per day that were compiled and catalogued for subsequent analysis. There was a sincel IRT in each treatment with no replications. Air temperature and relative humidity (sensor type )were measured at 2 m above the ground at the edge of the plots on the same interval as the IRT sensors.
A canopy period that covers the interval when the plant canopy was of sufficient size for canopy temperature to be monitored was defined in each year. The canopy period began 67 days after planting (DAP) in 2009 and ranged from DOY 202 to DOY 268 (66 days) and was similar in 2010, beginning at 66 DAP and ranging from DOY 205 to DOY 269 (64 days). Canopy temperature was monitored over this interval and all analysis involving canopy temperature are made within this period.
Vapor Pressure Deficit Calculation
The vapor pressure deficit (VPD) of the air for each season was calculated using the simplified Murray equation [14] 
The vapor pressure of the atmosphere was calculated from the relative humidity (RH) measurements by the formula,
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Leaf To Air VPD Calculation
Leaf-to-air VPD was calculated for each temperature and relative humidity value reported on the data collection interval of 15 minutes across the irrigation treatments in both years. Calculations of leaf-to-air VPD were based on the difference in the water vapor pressure in the leaf (assuming 100% humidity at the measured leaf temperature) minus the water vapor pressure in the air as described by Dai et al. 1992 .
ETc Calculation
Crop evapotranspiration (ETc) was calculated using the CROPWAT system [15] . The ETc of the crop was calculated for a well-watered crop on a daily interval according to [15] where the daily crop evapotranspiration (ETc) is equal to the product of an ET o and a locally calibrated crop factor (K C ). ET o was calculated using on-site weather station data and the Penman-Monteith equation [15] .
Dew Point Calculations
Dew point temperatures (T d ) were calculated by the Magnus-Tetens formula [14] [16] using measured air temperature (˚C) and relative humidity that were measured at 2 m above ground level on the edge of the field.
Constants are: a = 17.271, b = 237.7˚C
Results
Irrigation Treatments and Water Total for the Seasons
Water received by the crop over the study interval is categorized as: rain, irrigation or total water (irrigation + rain). Thirteen daily irrigation amounts were targeted to provide a range of water from rainfed, with no in-season irrigation, up to full irrigation, intended to fully meet the estimated environmental water demand for the crop in each year. From the 13 target rates, 11 distinct irrigation rates were achieved ( Table 1 Based on the ETc values calculated for a well-watered crop, a range of water deficits was achieved in each year ( Table 1) . In 2009, the irrigation treatments received between 26% and 86% of seasonal ETc while in 2010, total water ranged from 45% to 75% of the seasonal ETc. The crop in 2009 experienced a wider range of water deficits than the 2010 crop.
Water/Yield Relationships
The relationships between yield and seasonal water for 2009 and 2010 are shown in Figure 1 and Table 1 . The Table 1 . Seasonal irrigation, total water (irrigation + rain), the fraction of seasonal ETc received by each irrigation treatment, and yield in 2009 and 2010. The designation of "na" indicates the target irrigation treatment that was not achieved due to irrigation system errors. 
Seasonal Environmental Demand (ETc)
Crop water use is often characterized in terms of seasonal crop-evapotranspiration (ETc) that is predicted on the 
Seasonal Canopy Temperatures
The canopy temperatures over the monitoring period in both years are shown in Figure 4 . In each year, temperature data were collected from IRT sensors that were deployed in 11 irrigation treatments. Air (ambient) temperature, measured at 2 m above ground, is included as a reference in each figure. The shaded horizontal "bar" on the ambient temperature signature provides a 10˚C temperature scale (20˚C to 30˚C). The signatures show all data collected over each 24-hour day.
In Figure 5 , the seasonal canopy temperatures have been filtered to exclude values below 27˚C in order to indicate temperatures that are most influenced by water status. The 27˚C filter value was chosen to indicate the transition from optimal to non-optimal temperatures that is reported to inidcate the development of water deficits in cotton [11] [18] . Since the canopy temperatures have been filtered with respect to a stress indicator, it is proposed that such figures represent "stress signatures". The "gaps" in the signatures indicate temperatures below 27˚C as opposed to missing data.
In the 2009 stress signatures (Figure 5(a) ), there is a general pattern of decreasing stress with increasing irrigation. Canopy temperatures were elevated in the 4mm treatment during the interval from DOY 210 to DOY 225, after which they returned to values more typical of the irrigation treatment. This pattern indicates higher transpiration relative to the 4 mm in all irrigation levels. There is a mid-season period of elevated canopy temperatures between DOY 232 and DOY 240.
In 2010, the stress signatures ( Figure 5(b) ) were responsive to irrigation treatments with increasing thermal stress evident across irrigation treatments. The signature of the 4 mm treatment suggested less stress across the season than would be expected relative to the 4.5 mm and 5 mm signatures. In a similar manner, the 2 mm treatment appears cooler than the 2.5 mm, 3 mm or 3.5 mm treatments. Perhaps the most apparent characteristic of the 2010 stress signatures is the general elevation of temperatures and stress relative to the 2009 patterns. Figure 1 presented the relationship between yield and total water for the total of 22 irrigation regimes over the two years of the study. In each year, yield was correlated with total water and between the years the slopes of the lines were similar while the intercepts were different. The patterns of canopy temperature in various irrigation regimes over the two years of the study varied in a manner that indicates that the canopy temperature was sensitive to plant water status. Given that seasonal canopy temperature measurements are related to plant water status and water use the question arises as to the extent to which seasonal canopy temperature is related to the yield variation. Figure 6 shows the relationship between the cumulative daytime leaf-to-air VPD and yield for 2009 and 2010. The figure characterizes the relationship between yield and the environment in the context of a plant-based indicator of evaporative demand in terms of the gradient for water movement from the leaf to the surrounding air. The cumulative leaf-to-air VPD could thus be an indicator of cumulative water use and yield. The relationship between yield and cumulative leaf-to-air VPD is similar to that between yield and total water shown in Figure 1 , that is the regression lines are similar in slope with different intercepts.
Canopy Temperature and Yield Relationships
Yield was plotted as a function of the average canopy temperature for each of the irrigation treatments in the two years (Figure 7(a) ). Two notable characteristics of the relationship are that the regression coefficients are both > 0.9, and the slopes and intercepts are similar for the two years. Thus, the two years that were previously described by two lines, in terms of yield vs total water and yield vs cumulative daytime leaf-to-air VPD, merge into a single line with respect to yield and average canopy temperature.
Since the relationship between canopy temperature and plant water use is most apparent during daylight hours, the relationship between average canopy temperature during the daytime (8:00 am to 8:00 pm) and yield was also examined (Figure 7(b) ).The daytime filtering of canopy temperature improves the agreement between the water and yield relationships between the years. The relationship across the two years of the study suggests that average daytime canopy temperature may prove to be a useful indicator of crop water use on a seasonal basis. Yield in this study was found to be correlated, to varying degrees, with seasonal total water and four indicators of crop water use that were based on the continuously monitored canopy temperatures in the irrigation regimes over the two seasons of the study. Table 2 compares the results of linear regressions of yield and water and the four canopy temperature based indicators.
Discussion
Total Water and Yield
In this study, a total of 22 irrigation treatments were implemented in cotton over the 2009 and 2010 growing (Figure 1) with the relationships described by a linear fit with similar slopes and different intercepts. The similar slopes indicate that the fiber yield per unit of water received was similar for both years, but the minimum yield (the y-intercept) was different suggesting a difference in yield potential in the two years.
The environmental conditions differed between the two seasons in terms of air temperatures and humidity (Figure 2) . There was more in-season rainfall in 2010 than in 2009 and higher in-season ETc for 2009 ( Figure  3) . The seasonal patterns and magnitude of the differences in measured and calculated environmental demand parameters are not indicative of drastically different environments and would be expected to have only a marginal effect on crop performance. Additionally the seasons are similar in terms of accumulated water-deficits and the timing of water-deficit stress (Figure 3) . While the temporal patterns of the development and alleviation of water deficits over the course of the season can offer additional insight into stress, the patterns of stress accumulation (Figure 3(c) and Figure 3(d) ) indicate that the relative differences between the two years were consistent. The balance between ETc and total water over the season is shown in Figure 3 (c) and Figure 3(d) where the "0" value indicates when the total water matched estimated environmental water demand with positive values indicating water in excess of estimated environmental demand and negative values indicating water deficit. The slope of the line indicates the trend in the balance. A negative slope in the positive range indicates that water was declining relative to demand at a moment in time even though the net balance was still positive. A slope of 0 indicates that supply and demand are balanced regardless of whether the net balance is positive or negative.
In 2009, water deficits continually accrued over the season with the net balance never becoming positive (Figure 3(c) ). Periodic rain events occasionally produced positive slopes resulting in water supply exceeding crop demand. Approximately half of the seasonal deficit in the 5.5 mm irrigation treatment developed before irrigation was initiated with the water balance largely stable during the irrigation period. The other irrigation treatments were in a state of decline even after the onset of irrigation with only minor deviations from the trend in response to rain events.
In 2010, rainfall in early July initially caused the water balance to become positive with the water balance generally declining over the remainder of the season (Figure 3(d) ). The slope of the 5 mm treatment was shallow (neutral) between DOY 210 and DOY 260 indicating that water lost was balanced by water added over this period.
Canopy temperature has been previously proposed to be an indicator of plant water use that can be used to detect differences in water deficits [13] [19] [22] . Canopy temperature for the irrigation regimes in both years is shown in (Figure 4) . Air temperature is included in each figure with the shaded horizontal "bar" on the air temperature indicating a 10˚C temperature scale. This type of data graph is based on the Sparkline approach proposed by E. Tufte [23] . The term "temperature signature" is proposed for this presentation of canopy temperature which provides an overview of both the magnitude and pattern of variation and the continuity of the temperature monitoring (gaps in the figures indicate missing data).
Since the temperature signatures include night and day temperatures, they are not particularly informative with respect to visualizing the relationship between canopy temperature and crop water status. Differences in plant water status are most evident during daylight hours and thus roughly 50% of the temperatures that appear in the canopy temperature signatures contain very little information on plant water status. Figure 5 shows the seasonal canopy temperatures that have been filtered to exclude values below 27˚C, a temperature that indicates the development of water deficits and metabolic stresses in cotton [11] [24] . Such a filter essentially eliminated night-time canopy temperatures. We propose the term stress signatures to describe canopy temperatures have been filtered with respect to a stress indicator. Stress signatures may have value for a "forest vs. trees" analysis of the canopy temperatures with the height and width of the peaks indicating the magnitude of the stress and its pattern over the season.
Seasonal stress signatures facilitate the visual inspection of the seasonal data to identify trends and differences among treatments. In 2009 (Figure 5(a) ), a general pattern of decreasing stress with increasing irrigation was evident. The 5.5 mm treatment appears to have experienced less stress than the 6 mm treatment suggesting that the 5.5 mm canopy was transpiring at a higher rate than the 6 mm treatment. The 2010 stress signatures ( Figure  5(b) ) generally reflect the irrigation regimes with increasing thermal stress evident among the irrigation treatments. The signature of the 4 mm treatment suggests less stress across the season than would be expected relative to the 4.5 mm and 5 mm signatures.
Comparison of the 2009 and 2010 stress signatures indicates that the 2009 season had a wider range of canopy temperatures among the irrigation regimes which is in agreement with the wider range of water deficits (Figure 3 and Table 1 ). When compared to the 2009 stress signatures, it is apparent that the canopy temperatures in 2010 were higher across all the irrigation levels for the entire measurement period. Of the 2010 stress signatures, only the 4 mm treatment indicates temperatures that were near the 28˚C optimum which is in marked contrast to the 2009 results that showed several irrigation treatments with canopy temperatures in the 28˚C range (5 mm, 5.5 mm, and 6 mm).
Canopy Temperature-Based Indicators of Crop Water Use
For plant canopies at a single location, at a moment in time, when air temperature, humidity and radiation are all fundamentally similar, the relationship between transpiration and canopy temperature is well defined. Seasonal canopy temperature may provide a near-continuous surrogate for transpiration of the crop and comparisons of canopy temperatures across irrigation regimes and between seasons indicate both water supply and environmental demands.
Over the course of this study a set of approximately 250,000 canopy temperature measurements was collected to investigate the extent to which seasonal canopy temperature measurements might be used to indicate differences in plant water use. The canopy temperature data set was used to investigate the relationship between canopy temperature and yield in terms of; cumulative leaf-to-air VPD, mean canopy temperature, and cumulative canopy temperature.
The atmospheric vapor pressure deficit (VPD) describes the gradient for water movement from the plant to the air. Higher VPD is generally assoicated with greater water use [25] - [28] . When the relationship between air and canopy temperature is stable and/or predictable (e.g. uniform irrigation within a single season), the atmospheric VPD is often a useful means of assessing transpiration on a seasonal basis. When canopy temperatures are known, the leaf-to-air VPD, also a measure of potential transpiration can be calculated. Leaf-to-air VPD values that incorporate both the dryness of the environment (humidity) and a measure of the water status of the plant (canopy temperature) may represent a useful measure of seasonal water use that could explain yield variation. Cumulative seasonal leaf-to-air VPD was related to yield across irrigation treatments in the two years of the study (Figure 6 ) in a manner similar to the total water (Figure 1) .
Given that canopy temperature varied in accord with the irrigation treatments in both years of the study (Figure 5) , the utility of canopy temperature as a surrogate for plant water use in yield and water relationships was investigated. The seasonal average canopy temperature, perhaps the most simple analysis possible, largely accounted for yield variation across irrigation regimes between the two seasons with a single function (Figure  7(a) and Table 2 ). Limiting the mean canopy temperature analysis to daytime values improved the fit of the yield relationships (Figure 7(b) and Table 2 ) underscoring that canopy temperature differences are most pronounced when the environmental demand is greatest.
The cumulative daytime canopy temperature over the season was closely linked to yield across irrigation treatments and seasons (Figure 8 and Table 2 ) with a single line accounting for a large portion of the yield variation. Since yield and water use are incremental and cumulative, it is reasonable for cumulative canopy temperature to be related to yield. Cumulative daytime canopy temperature was arguably the best indicator of yield variation in the study and may provide a useful indicator of crop water status and water use.
Near-continuous seasonal canopy temperature has at least four advantages as an indicator of crop water status and use: 1) it is a direct measure of the plant 2) it can be mechanistically associated with transpiration and thermal effects on metabolism 3) it is continuous and can be accumulated on seasonal timeframes and 4) it is relatively easy to measure in both research and production settings.
For a single location and within a given season, the relationship between canopy temperature and crop water use is rather straightforward and with the seasonal measurements at 15-minute intervals there are several thousand measurements available for analysis. This near-continuous measure of water use lends strength to average and cumulative canopy temperature analyses. Filtering to include only daytime temperatures strengthens the yield relationships by accentuating those time periods when canopy temperature might be most affected by plant water status.
Inclusion of canopy temperature monitoring in studies of the relationships between water and yield may prove worthwhile as a routine measurement. In such instances a general rule for canopy temperature monitoring might be stated as "come early and stay late". Ideally, sensors should be installed at planting and removed at the end of the growing season.
Conclusions
At this point, it is suggested that canopy temperature, measured on a fine time interval across a growing season may provide additional insight into water status and water use of the crop. Four canopy temperature based indicators of plant water use were compared in terms of their ability to account for yield variation. The leaf-toair VPD [25] [29] , an indicator that combined environmental demand (humidity) and plant water status (canopy temperature), accounted for yield variation among irrigation treatments within a growing season but not between seasons. The three indicators that were based solely on canopy temperature; mean canopy temperature, mean daytime canopy temperature, and cumulative daytime canopy temperature, produced a single linear relationship that accounted for yield variation across irrigation regimes in both years.
While canopy temperature measurements have been used for decades as a tool for monitoring the water status of crops, recent advances in in-field data result in commercially available systems that are well-suited to agricultural use. Near-continuous canopy temperature collected on a seasonal timescale will provide insight into crop water use that is difficult to obtain by other methods. Currently, canopy temperature is perhaps the only plant parameter that can be monitored near-continuously on seasonal timescales in an automated manner that is compatable with both research and production settings.
